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Abstract 
A sensor system for the study of an oil-water flow in a pipe is proposed. The purpose is to estimate the area fraction occupied by 
each fluid in a given section of the pipe, taking advantage of their different permittivity. The estimation is done by capacitance 
measurements between electrodes flush-mounted on the external surface of a nonconductive section of the pipe. A key 
contribution of the present work is to propose a solution based on a appropriate sensor head and tailored electronic interface to 
the problem of capacitive sensing in presence of conductive water which introduces parasitic coupling to stray elements outside 
the measurement section. The sensor system was designed, manufactured and experimentally tested. The results obtained for 
different fluid fractions and flow patterns were successfully compared with other reference methods. 
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1. Introduction  
Two phase flows are characterized by the simultaneous flux along a conduit or pipe of a combination of fluids or 
of a fluid and a solid that remain in separate phases inside the pipe. The study of this kind of flows is of actual 
relevance because they are commonly found in many industrial applications, such as in oil industry or chemical 
plants. Different combinations of the flow rates of the two phases give rise to different flow patterns. In this work 
oil-water flows are considered, which are typical for oil pipelines, where determinate flow patterns are advantageous 
in terms of reduction of power consumption in the transport of highly viscous oils. In particular we focus our 
attention on a specific flow regime, named core-annular flow, where oil flows in the center of the pipe and water 
flows as an annulus around it, determining a great advantage in terms of reduction of pressure drops [1]. 
An important parameter in the study of two phase flows is the so called hold-up, that represents the relative area 
occupied by each phase. In this paper, we present a capacitive sensing system for estimating the fraction of area 
occupied by oil, denoted by Ho as defined in Fig. 1a. The capacitive technique is based on the different electric 
characteristic of the two phases that, being located in various configurations and amounts inside the pipe, generate 
different dielectric permittivity distributions. These variation can be measured from a pair of electrodes placed on 
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 the external surface of a nonconductive section of the pipe to form a capacitor as shown in Fig. 1b. The main 
advantage of the capacitive technique is to be not intrusive hence it does not disturb the flow regime; for this reason 
it is considered an optimal technique for the study and the characterization of this kind of flows. Capacitive sensors 
have been developed with good results in gas-liquid and liquid-liquid flows for obtaining void fraction 
measurements or tomographic reconstruction [2]. Typically, the reported systems are applied to nonconductive 
liquids. This work tackles the case where one of the two fluids is electrically conductive, such as tap water used in 
our set-up, or brine used in oil industry pipelines. A conductive fluid inside the pipe generates conductive paths that 
reduce the capacitance variation versus the oil fraction. Moreover, these paths couple the section between electrodes 
with the outer part of the pipe affecting the capacitance measurements and posing significant challenges that demand 
for innovative design solutions versus previous works [3]. 
 
(a)                (b) 
Fig. 1. (a) Definitions of oil fraction (Hold-up) Ho; (b) Capacitive technique schematization.  
2. System description 
The developed sensor system can be divided into three principal parts as shown in Fig. 2: the measurement head 
made by the capacitive sensor configuration, the interface and signal conditioning electronic circuit, and the 
measurement data acquisition and visualization system. The electrodes of the measurement head are directly placed 
facing each other on the external surface of a nonconductive section of the pipe. Each electrode is divided in guard 
sections and measurement section along the pipe. Guard sections are placed before and after the measurement 
section that is the only one involved in the capacitance measurement. Calling C the capacitance between the 
electrodes of the measurement section, the electronic circuit excites C with a sinusoidal voltage VP at frequency fP 
and measures the corresponding current by a transimpedance amplifier with gain determined by the reference 
capacitor CF. The output voltage VO of the transimpedance amplifier is a sinusoid at fP with an amplitude modulated 
by the value of C. The information is carried back to DC by a demodulation stage where an operation of 
multiplication by VP followed by low-pass filtering and amplification is performed. In this way the output signal 
Vmeas is proportional to C. This proportionality is controlled by the design parameters and represents the system 
sensitivity for the capacitance variations. The sensitivity of the system has been set to 2V/pF. 
 
 
Fig. 2. Block diagram of the complete sensor system. 
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 Finally the signal Vmeas is sampled and stored by means of a 16-bit data acquisition system connected to a 
personal computer. A dedicated program written in LabVIEW allows the visualization of the time behaviour of the 
measured capacitance in order to enable the estimation of relative fluid fractions and their fluctuations. 
The system has been mounted on an experimental hydraulic plant that simulates an oil duct for the study of oil-
water flows. The plant comprises a Plexiglas tube with inner and outer diameters of 21mm and 25mm respectively 
and a total length of 9m. The working fluids are tap water and a highly viscous oil.  
Special attention has been devoted in the dimensioning of the system by using electromagnetic finite element 
(FE) simulations and experimental tests in particular to counteract the effects of the conductive fluid. The following 
dimensioning issues have been mainly considered: 
 For the measurement section of the pipe, an electrode axial length L=10cm and a covering angle θe=90° have 
been chosen in order to obtain the required spatial resolution and to ensure a good sensitivity to the phenomena in 
the centre of the pipe.  
 In specific flow regimes the internal pipe wall is fully coated by water, as in the case of annular flow. In this 
condition, the conductive behavior of water tends to shield the presence of oil in the flow, thereby reducing the 
capacitance sensitivity to variations in the oil fraction. To mitigate the shielding effect, an excitation frequency 
fP=2MHz has been chosen, being sufficiently high to make the dielectric behaviour of water dominant over the 
conductive one.  
 Water along the pipe represents a conductive path that couples the measurement section with stray external 
elements, such as metallic parts along the pipe. This coupling causes a leak of the current involved in the 
capacitance measurements that can significantly impair accuracy. Recognizing and counteracting this effect is of 
fundamental importance to apply the system in real plants fed by tap water. To minimize the influence of this 
coupling, the system has been designed to include guard sections placed before and after the measurement section 
along the pipe. An axial length LG=40cm has been chosen for the guard sections. In this way, the leakage currents 
that flow outside the guard sections are negligible, the measurement section results basically uncoupled to the 
outside pipe portion, and the measured capacitance is unaffected by stray effects. 
3. Experimental results 
The developed system has been experimentally tested on various flow configurations generated in the duct. An 
example of the measured output of the system is illustrated in Fig. 3, which plots the signal Vmeas versus time 
acquired during a sequence of three subsequent flows in annular configuration corresponding to three different 
increasing oil fractions. As expected, the system detects both the different oil quantities, by providing different mean 
values of Vmeas, and the flow fluctuations by evidencing oscillations around the mean values. 
 
 
Fig. 3. Output voltage and RCD for a sequence of flows with three different oil hold-up HO. Picture shows a section of the correspondent  flow 
are taken by a lateral position along the transparent pipe.  
The right axis of Fig. 3 plots a quantity related to the sensor capacitance Cmeas(t) expressed as the Relative 
Capacitance Difference (RCD) defined in Eq. (1). The RCD is a dimensionless quantity representing the relative 
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variations of Cmeas from the end-point conditions obtained with the pipe filled of either oil (Coil, Voil) or water (Cwater, 
Vwater).  
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To obtain the estimation of oil-fraction Ho from capacitance measurements, the capacitance-fluid fraction 
calibration relationships has been obtained by FE electromagnetic simulations with the fluids placed in the relevant 
configurations of the various flow patterns [4]. As an example, Fig. 4a shows the RCD expected trend versus oil 
fraction for the annular flow obtained with hypothetical fluids configuration of perfect centered cylindrical oil core. 
The validity of oil hold-up estimation has been verified by a comparison of the results obtained from the sensor 
system with the values obtained by an intrusive reference technique called Quick Closing Valve (QCV) [5]. A series 
of annular flows with different oil hold-up has been realized and for each of them the RCD has been measured with 
the developed system. Concurrently, the oil fraction has been estimated by the QCV technique. The comparison of 
the results is shown in Fig. 4b where for each value of RCD the oil-hold up is estimated using calibration curve 
(black triangles) and compared with the value obtained by the QCV (red dots). 
 
      (a)      (b)    
Fig. 4. (a) Calibration curve for annular flow regime: Relative Capacitance Difference versus oil fraction Ho; (b) Comparison between Ho 
predictions by the sensor system (applying the calibration curve) and the QCV estimation technique. 
4. Conclusions 
A sensor system, based on capacitive technique, for oil fraction estimation in a two phase oil-water flow has been 
proposed. The system has been realized and experimentally tested. Good results obtained by the tests demonstrate 
the ability of the system to address the operation also in presence of a conductive fluid as tap water, thereby 
improving its industrial applicability compared with previous proposed systems. 
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